clinical presentation, tumor distribution, treatment strate gies, and outcomes for patients with this disease.
Methods

Search Strategy
A literature search for MPNSTs of the trigeminal nerve was conducted utilizing the PubMed database. The search was confined to nonanimal, English-language ar ticles. The following search terms were used: "trigeminal AND sheath tumor," "trigeminal AND malignant periph eral nerve sheath tumor," "trigeminal AND malignant," "trigeminal AND nerve sheath tumor," "trigeminal AND neural sheath tumor," "trigeminal AND malignant tu mor," "trigeminal AND malignant schwannoma," "tri geminal AND neurofibrosarcoma," and "trigeminal AND neurosarcoma." The references of included articles were searched for any additional pertinent studies.
Inclusion Criteria
We included all English-language articles-case re ports, case illustrations, and case series. Relevant articles were determined by identifying reports of patients with confirmed MPNSTs of the trigeminal nerve. Patients were included in our study if specific trigeminal involve ment was reported, either by specific declaration of tri geminal nerve involvement or description of anatomical distributions specific to trigeminal nerve distributions (for example, foramen ovale). Papers discussing tumors based on location with an unspecified nerve origin or nonspecific anatomical structures (for example, maxil lary sinus MPNST) were not included in the study. One patient was reported as having bilateral MPNSTs that were diagnosed and treated separately during 2 sepa rate time periods with different treatment regimens. As such, these lesions have been incorporated into our re view as 2 separate cases, except in the analyses of sex and NF status. The selected reports were reviewed, and pertinent data, including age, sex, tumor location, clinical symptoms, method of treatment, recurrence, duration of follow-up (months), and disease status at final follow-up, were obtained when available.
Exclusion Criteria
Articles that were not written in English and animal studies were excluded during the PubMed search. Ar ticles pertaining to anatomy, anesthesia, biochemistry, natural history, other disease, other tumors, pathology, pharmacology, radiology, and treatments/techniques not pertaining to trigeminal MPNSTs were excluded.
Data Extraction
All data were extracted by 3 independent authors, and any discrepancies were addressed following discus sion. Tumor location was determined primarily on the ba sis of surgical or autopsy exploration. Radiological stud ies were used to determine tumor location only if findings specific to a certain tumor distribution were reported (for example, erosion of the foramen ovale by an enhancing lesion would indicate involvement of the mandibular divi sion of the trigeminal nerve [V3]). Clinical presentation or distribution of symptoms (for example, pain or sensory disturbance in a specific distribution) was not used as a criterion for determining location, as we felt that this may not accurately depict exactly where the tumor occurred. "Not available" was also assigned to certain cases if in volvement of the gasserian ganglion was specified but not the other nerve distributions. Tumors affecting peripheral and terminal branches of the trigeminal nerve were in cluded when involvement of these nerves was specified. Clinical presentation was determined on the basis of the reported signs or symptoms.
Data Analysis
Microsoft Excel was used for data aggregation and analysis.
Results
Searching the PubMed database using the key words listed above identified 175 studies (Fig. 1) . Exclusion cri teria included other tumor (85 articles), treatments/tech niques not pertaining to MPNSTs (27) , radiology (10), other disease (9), natural history (7), pathology (4), bio chemistry (3), pharmacology (3), anatomy (2) , and anes thesia (1) . After applying the aforementioned criteria, 24 articles were included in the systematic review. A search of the references of the 24 articles yielded 5 additional pertinent articles. These 29 articles provided 35 cases, to which we added 1 additional case from our institu tion. 1, 2, [4] [5] [6] [7] [8] 10, 11, [14] [15] [16] [17] [18] [19] [20] [21] 24, [26] [27] [28] [29] [30] [32] [33] [34] [35] [36] [37] The complete results of our analysis of 36 cases are detailed in Table 1 .
Patient Demographics
The patients' ages ranged from 8 to 71 years (mean 44.6 years). Eight patients were female (22.9%) and 27 pa tients were male (77.1%). Neurofibromatosis Type 1 was present in 1 patient (2.9%), absent in 20 patients (57.1%), and not assessed in 14 patients (40.0%). Neurofibromatosis Type 2 was present in 1 patient (2.9%), absent in 5 patients (14.3%), and not assessed in 29 patients (82.9%). Eleven cases (30.6%) involved right-sided lesions, and 25 cases (69.4%) involved left-sided lesions. Gasserian ganglion involvement was reported in 13 cases (36.1%), including those in which the peripheral nerve involvement was not assessed. In total, the distribution of involved trigeminal nerve branches was not specified in 11 cases (30.6%). Of the remaining 25 cases for which peripheral branch dis tributions were specified, 8 (32.0%) had involvement of the ophthalmic branch (V1), 15 (60.0%) had involvement of the maxillary branch (V2), and 18 (72.0%) had involve ment of the mandibular branch (V3). Of these cases, 11 (44.0%) had involvement of more than one branch, with 6 (24.0%) having involvement of 2 branches, and 5 (20.0%) involvement of all 3 branches.
Clinical Presentation
Clinical presentation was reported in all cases. The most common presenting symptom was altered facial sensation, defined as any change in facial sensorium other than pain, and was present in 23 cases (63.9%). Facial pain was the next most common symptom, present in 19 cases (52.8%). Mastication difficulty, defined as any weakness or palsy of the muscles of mastication on presentation or physical examination, was present in 8 cases (22.2%). Headache was seen in 5 cases (13.9%). Involvement of other cranial nerves was also seen in a number of cases. Diplopia was present in 8 cases (22.2%), and facial weak ness was present in 7 (19.4%). Hearing loss was present in 6 cases (16.7%). Gustatory disturbance was present in 3 cases (8.3%), and decreased visual acuity was present in 2 (5.6%). Olfactory disturbance was present in 1 case (2.9%). A number of other symptoms were also reported. Loose teeth were found in 2 cases (5.6%) due to tumor in volvement of the peripheral branches of V3. Other symp toms were reported only once (2.9%), including epistaxis, nasal obstruction, facial fasciculations, ataxia, nausea and vomiting, decreased consciousness, ptosis, hemiparesis, tinnitus, phonophobia, and nocturnal breathing difficulty.
Treatment Approaches
The primary treatment intervention was reported in all 36 cases. Surgery was chosen as the primary interven tion in 29 cases (80.6%). In 9 cases (25.0%) the lesions were treated with surgery alone, in 17 cases (47.2%) they were treated with surgery and postoperative radiation treatment, and in 3 cases (8.3%) surgery was performed but the authors did not specify whether radiation therapy was also administered or not. In 6 cases (16.7%) radiation therapy was used as the sole primary treatment. The av erage dose of radiation when radiation therapy was used as a primary treatment was 5630 cGy. When specified (n = 14), the average dose of radiation given as postopera tive radiation therapy was 5940 cGy. Chemotherapy was given as part of the initial therapy in 4 cases (11.1%), and it was given as the sole therapy in 1 case (2.9%). It is im portant to note that the patient treated with chemotherapy alone was also the only patient with a reported history of NF2 and had massive systemic disease with MPNSTs of multiple nerves at the time of diagnosis. Of the 29 cases in which surgery was performed (n = 29), complete re section was accomplished in 7 (24.1%), incomplete resec tions were reported in 19 (65.5%), and the extent of resec tion was not specified in 3 (10.3%).
Outcomes
Of the 36 cases in this study, 29 cases had complete details of the primary treatment as well as follow-up in formation assessing patient outcome. Primary treatments were analyzed based on the extent of resection, the use of postoperative radiation therapy, or if the patient received radiation or chemotherapy as the primary treatment. In 6 (20.7%) of these 29 cases, the primary treatment was com plete resection with postoperative radiation, in 10 (34.5%) it was incomplete resection with radiation therapy, in 6 (20.7%) incomplete resection was performed without ra diation therapy, in 6 (20.7%) radiation therapy was ad ministered as the sole treatment, and in 1 case (3.4%) the treatment was chemotherapy alone.
To compare outcomes, overall recurrence was deter mined as well as the final status at the most recent fol low-up. Recurrence was defined as the presence of any disease progression or metastasis throughout the entire postintervention period. Final outcomes were determined as the patient and disease status at the latest follow-up and were reported as "alive with disease" (AWD), "alive with out disease" (AWOD), "dead with disease" (DWD), and "dead without disease" (DWOD). Patients were reported as being "with disease" if there was evidence of tumor recurrence or progression at last follow-up. Additionally, if the patient died in the perioperative or immediate post operative period for a reoperation of recurrent disease, the status was DWD, even if total resection was accom plished. Follow-up times for these cases ranged from 1 to 96 months (average 24.4 months).
In the cases in which the primary treatment was complete resection with radiation therapy (n = 6), there was no evidence of recurrence. At the most recent followup (average 34.6 months, range 9-60 months), 5 patients (83.3%) were AWOD and 1 (16.7%) was DWOD. In the cases in which incomplete resection was performed and was followed by radiation treatment (n = 10), 5 (50.0%) had evidence of recurrence. At last follow-up (average 24.7 months, range 5-84 months) 2 (20.0%) patients were AWD, 5 (50.0%) were AWOD, 2 (20.0%) were DWD, and 1 (10.0%) was DWOD. In the cases in which incomplete resection was performed without radiation treatment (n = 6), 5 patients (83.3%) showed evidence of recurrence. At last follow-up (average 22.7 months, range 1-96 months) 2 (33.3%) were AWD, 1 (16.7%) was AWOD, and 3 (50.0%) were DWD. In the cases treated with radiation therapy alone (n = 6), 4 patients (66.7%) had evidence of recurrence. At last follow-up (average 21.3 months, range 9-36 months), 1 (16.7%) patient was AWD, 2 (33.3%) were AWOD, and 3 (50.0%) were DWD. The 1 patient who was treated with chemotherapy had evidence of re currence and was DWD at 4 months' follow-up.
Illustrative Case
This 52-year-old man presented to our department complaining of left-sided facial pain, left-sided facial swelling, and diplopia from partial left CN III, IV, and VI palsies. The facial pain was distributed along the V2 and V3 divisions of the trigeminal nerve. The patient was otherwise neurologically intact with no other complaints. Magnetic resonance imagining demonstrated an enhanc ing mass in the left cavernous sinus and Meckel cave with * AWD = alive with disease; AWOD = alive without disease; chemo = chemotherapy; compl = complete; DWD = dead with disease; DWOD = dead without disease; EOR = extent of resection; FT = frontotemporal; FU = follow-up; GG = gasserian ganglion; incompl = incomplete; NA = not available; RT = radiation therapy; subtemp = subtemporal; Tx = treatment; V1 = ophthalmic branch; V2 = maxillary branch; V3 = mandibular branch. † This patient was reported as having bilateral MPNSTs that were diagnosed and treated separately during 2 separate time periods with different treatment regimens. These lesions are treated for purposes of this review as 2 separate cases, except in the analyses of sex and NF status.
extension into the foramen ovale and foramen rotundum. There was a giant cystic component extending into the maxillary sinus along the course of the infraorbital nerve toward the maxillary bone of the face (Fig. 2) . The initial differential diagnosis included trigeminal schwannoma. The patient did not have any stigmata of NF1 or NF2. To achieve maximal resection of the tumor, a staged transcranial and transfacial approach was performed. In the first stage, the patient underwent a left frontotempo ral transcavernous extradural approach to resect the tumor from the cavernous sinus and Meckel cave. The temporal dura and lateral wall of the cavernous sinus was elevated extradurally to expose the tumor infiltrating the trigeminal ganglion, V2, and V3. The tumor in this region was re moved, with care taken to preserve CN III, CN IV, and V1.
One month later, the patient underwent second-stage transfacial resection of the extracranial portion of tu mor. An endoscope-assisted left medial maxillectomy was performed via a combined endonasal and sublabial Caldwell-Luc approach to the left infratemporal fossa us ing a Weber-Ferguson incision. Tumor was removed from the nasal cavity, maxillary sinus, and infratemporal fossa. The tumor extended along the course of the infraorbital nerve at the roof of the maxillary sinus and eroded the maxilla within the face. There was significant difficulty obtaining negative bony margins without sacrificing cru cial surrounding structures and the preliminary patho logical report suggested that the tumor was an MPNST. Further resection then was stopped in favor of postopera tive adjuvant radiotherapy.
Postoperative MRI revealed minimal residual tu mor in the cavernous sinus (Fig. 3) . The remainder of the hospital course was unremarkable, and the patient was discharged in stable neurological condition without any CSF leakage. Extraocular muscle function improved to normal after decompression of the cavernous sinus. Post operative trigeminal neuropathic pain was controlled with gabapentin. Pathological examination showed a dif fusely infiltrative tumor with elongated nuclei exhibiting extensive involvement of peripheral nerve tissue and my elinated fibers (Fig. 4A) . Immunohistochemical staining was strongly positive for S-100 (Fig. 4B) , consistent with a diagnosis of MPNST. The patient underwent 5940 cGy of radiation therapy and was alive with stable disease in the cavernous sinus 6 months after surgery.
Discussion
Malignant Peripheral Nerve Sheath Tumors
Malignant peripheral nerve sheath tumors are rare neoplasms of peripheral Schwann cells, with an incidence of 0.001% in the general population. 9, 12 The majority of these cases involve the trunk and extremities. 31 There is generally no sex or race predilection, but MPNSTs are more commonly found in older patients. 12 Although it is widely accepted that uncontrolled growth of Schwann cells is the cause of these tumors, it has been suggest ed that they occur de novo and do not arise as a result of malignant transformation from a benign schwanno ma. 1, 3, 23, 31, 33 However, some reports have suggested that ra diation may play a role in the development of MPNSTs.
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The presence of NF greatly increases the odds of devel oping MPNSTs, and patients with NF1 are over 4000 times more likely to develop an MPNST in their lifetime than individuals without this condition. Patients with NF also typically have a much younger age of onset. 9, 12, 31 Al though the presence of NF is known to greatly increase the odds of developing MPNSTs in general, it is interest ing to note that it has not been shown to play a significant role in MPNSTs of the cranial nerves. 1, 33 Of the reports we identified for patients with a trigeminal MPNST, only one patient was described as having NF1 and one as hav ing NF2. 15 However, our study is limited in that not all of the cases we reviewed specified whether the patient had a history of NF, and some studies specifically excluded patients with a history of NF.
Malignant peripheral nerve sheath tumors comprise 2%-6% of head and neck sarcomas. 22 Gender has been implicated as playing a small role in the development of intracranial MPNSTs, unlike other MPNSTs, with a high er incidence reported in men. 4 Our report of trigeminal MPNSTs corroborates this suggestion, as we found 77.1% of the patients in our analysis to be male. Previously, MPNSTs of the cranial nerves were suggested to arise more often in older patients. Our study showed an average patient age of 44.6 years, with a wide range (8-71 years).
As seen in our study, it is not uncommon for MPNSTs of the trigeminal nerve to involve more than one branch. It has been suggested that multiple branch involvement is characteristic of trigeminal MPNSTs originating from the gasserian ganglion, with this origin enabling them to spread through multiple divisions of the nerve. 23 , 34 While we found that the MPNSTs did not necessarily originate in the gasserian ganglion in all patients who had involve ment of multiple branches, gasserian ganglion involve ment may have been underreported. Trigeminal MPNSTs have also been suggested to spread from postganglionic divisions back to the gasserian ganglion. 23 The ophthal mic branch of the trigeminal nerve is implicated as a common site of origin for retrograde growth; however, it was the least involved branch identified in this review and only a fraction of patients with a V1 origin also had gas serian ganglion involvement.
Clinical Presentation
Trigeminal MPNSTs can be hard to diagnose on the basis of clinical presentation, because their clinical pre sentation mimics that of a benign schwannoma of the tri geminal nerve. 14, 33, 34 In our review we found a wide vari ety of presenting symptoms. The majority of patients pre sented with altered facial sensation and/or facial pain dis tributed along the affected divisions. 1, 4, 6, 7, 11, 14, 16, 17, 20, 21, 24, 33, 37 Furthermore, weakness of the mastication muscles was also seen in a number of patients. 17, 20, 33 The involvement of other cranial nerves was relatively common among the population we studied, and we found that it was typically due to spread of malignant tumor through the cavernous sinus and other intracranial or extracranial compartments. Diplopia and facial weakness were the most common of complaints related to involvement of other cranial nerves. Diplopia is expected to be seen in tumors involving the cavernous sinus, as tumor involvement here can affect the nerves coursing through the sinus. 1, 5, 11, 16, 20, 24 Hearing loss was also seen, often as the result of local compression or nerve destruction in posterior fossa tumors. 7, 17, 19 Distant metastasis of trigeminal MPNSTs was also reported, with one patient having involvement of the clavicle.
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Currently, numerous methods exist to guide the di agnosis of MPNSTs. Magnetic resonance imaging can be useful, but it is difficult to discern between benign and malignant tumors based on imaging. 4, 12 On the other hand, some have suggested that bony erosion on CT or plain radiographs favors malignancy over a benign tumor. 4 Typically, the diagnosis of these tumors requires patho logical analysis of biopsy specimens. Details regarding the pathological findings of these tumors have been well established, and discussion of these details is beyond the scope of this paper. However, markers such as S-100, Leu-7, and myelin basic protein are frequently used to aid in diagnosing these lesions. 33 In particular, an elevated ratio of S-100a to S100b favors malignancy over a benign eti ology.
1 Additionally, the absence of S-100 immunoreac tivity altogether may indicate dedifferentiation of tumor cells. 1, 16 Nevertheless, it is important to remain cautious when using immunohistochemical staining as the sole di agnostic criterion of MPNSTs, as they are typically asso ciated with high false-positive and false-negative rates.
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Prognosis and Treatment
In general, MPNSTs carry a poor prognosis. Look ing at studies of all MPNSTs revealed that local recur rence rates are generally very high, ranging from 30% to 60%, 12 and the tumors recur even in cases of complete resection. 5 MPNSTs have also been shown to metastasize to the lungs, soft tissues, bone, liver, and/or brain nearly 65% of the time. 4, 9, 12, 31 The 5-year survival rate for pa tients with these tumors ranges from 10% to 50%, and patients with a history of NF have an exceptionally poor prognosis. 1, 5, 9, 12, 22, 31 When only MPNSTs of the head and neck are considered, the 5-year survival rate decreases to about 20%. 25 The limited nature of this analysis and poor consistency of follow-up makes it difficult to offer spe cific prognostic factors for trigeminal MPNSTs; however, it is clear that they tend to exhibit similar features of very rapid growth and extensive infiltration into surrounding tissues, which results in a generally grim prognosis. 4 Due to the aggressive natural history of these tumors and the more favorable outcomes seen with complete re section, 4, 5, 37 aggressive radical resection of trigeminal MPNSTs should be attempted, if safely possible. Recent advances in microsurgical and endoscopic techniques have allowed the potential for larger exposures, enabling more extensive resections of previously unreachable or unresect able tumors. However, these tumors are highly infiltrative and usually involve critical surrounding structures, such as the cavernous sinus, internal carotid artery and the orbit. Therefore, the ability to obtain a total resection may be difficult. In our review, a wide variety of approaches were used, including frontotemporal, subtemporal, pterional, transnasal, transfacial, and posterior fossa approaches. In our patient, we used a staged approach, with an initial fron totemporal extradural transcavernous approach followed by an endoscope-assisted transfacial approach. Our resec tion was limited by residual disease within the cavernous sinus making total resection unfeasible without causing unacceptable deficits and patient morbidity.
The use of radiation therapy for MPNSTs has been debated, 9,12 but more recent reports suggest that these tu mors are radiosensitive and that radiation offers increased rates of tumor control and long-term survival. 25 Currently, the established method of treatment for MPNSTs involves aggressive resection followed by radiation therapy. 4, 37 Due to the highly malignant nature of these tumors, radiation therapy is typically administered even in cases of com plete resection. 4 This is supported by our study: all 6 of the patients who underwent complete resection followed by radiation therapy were reported to show no evidence of recurrence throughout the follow-up period. Due to the relatively poor outcomes with patients treated by radia tion therapy alone, we do not recommend this modality in patients who are good surgical candidates. However, it may be appropriate in patients where resection is not fea sible due to their clinical status. The role of chemotherapy is still not well defined and the reports that exist are not yet conclusive. However, it may be appropriate as an ad juvant therapy in certain scenarios, such as patients with metastatic disease or systemic pathology, where surgical intervention or radiation alone might offer limited thera peutic benefit. In general, maximal resection, if feasible, followed by postoperative radiation therapy should be considered in all patients, as the availability of advanced surgical techniques has allowed access to a number of le sions that were previously unreachable and complete re section is associated with the best outcomes.
Study Limitations
There are numerous limitations to this study. Pri marily, the general lack of existing literature regarding MPNSTs of the trigeminal nerve limits the extent of sta tistical analysis that can be made due to the small sample size. Furthermore, in this study there was no method of standardization for reporting of cases. Many cases are missing information regarding the specifics of clinical appearance, extent of tumor involvement, the radiologi cal tests that were performed, the modes of treatment that were undertaken, and the presence or absence of NF. Additionally, reporting of follow-up and long-term patient outcomes was largely inconsistent. Many of the studies were marred by short follow-up times, where positive patient outcomes may be likely to be reported. The treatment strategies were also heterogeneous. Many of the cases presented in this study also occurred before the widespread use of modern diagnostic and therapeutic interventions, such as MRI, stereotactic radiosurgery, op erative microscopy, and endoscopic approaches. As such, the outcomes of previous studies may not be comparable to those of current cases, given the technologies that are available today. However, we believe that this study re mains the most thorough analysis of this disease to date, offering an unprecedented look at the clinical appearance, treatment options, and outcomes of this rare disease.
Conclusions
Malignant peripheral nerve sheath tumors are rela tively rare tumors, with only a very small subset of these lesions arising from the trigeminal nerve. Patients with MPNSTs present with a variety of clinical manifesta tions; however, the most common are facial pain and/or numbness of the affected nerve branches. Due to their highly infiltrative nature, relatively high rates of recur rence, and generally poor prognosis, aggressive resection is the treatment of choice for these tumors, with complete resection being the ultimate goal, followed by adjuvant radiation therapy.
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